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Abstract
(KL, LP)
The NJ3CT Hybrid machine was developed to improve the world of rapid prototyping by
combining 3D printing and injection molding. 3D printing is considered the best current way to
prototype plastic parts for a variety of applications, while injection molding is considered an
efficient way to mass manufacture. The first method uses layering of extruded material to create
a shape and the second uses pressure to force material into the cavity of a mold that makes up the
volume of the desired part.
By using 3D printing to fabricate the molds, the injection molding manufacturing process
can drastically decrease overall cost and effort while increasing efficiency. Although 3D printing
also has a longer cycle time, the reduced cost compared to traditional molds due to materials and
machine hours is significant. 3D printing would still shorten overall lead times because of the
flexibility in tweaking the design over multiple iterations. A design can be sent to the
manufacturer much earlier in the process, which allows for the obstacles for manufacturing the
design to be resolved much more quickly. To further emphasize this point, one should also
consider the time saved by autonomously transferring the mold straight into the injection
molding workflow. When all of these factors are accounted for, the cycle time for prototype
production can change from several weeks to just a few days, or even hours given the right
circumstances.
When considering the overall design process of the machine, it is the culmination of a
few already developed technologies. The design involves driving higher power elements such as
motors and heating elements, sensors of different types, and involves a process to receive
accurate feedback with corresponding controls to take in sensor feedback in order to digitally
compensate the output signals. The machine is also designed to take in G-code (the language
used to drive many different automated machining processes such as CNCs) and use controls to
manipulate the signal into motor driving signals. To interface with all these subsystems a
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Human-Machine Interface (HMI) was implemented to troubleshoot the machine if needed, read
feedback from sensors, and allow the user to interact with the machine throughout the cycle time.
The designs involved in the machines described have been done in separate portions
before all over the world. This populous is made up of professional and amateurs alike including
anyone from a 3D printing enthusiast to engineers in the manufacturing industry. NJ3CT 3D is
simply a combination of these systems, making them work in tandem. The end result of this
project is a prototype of a machine that improves upon the concept of rapid prototyping within
the manufacturing industry.

1. Problem Statement
1.1 Need
(LP)
In the realm of rapid, small-scale prototyping, there are a few main factors that drive
decisions to invest resources in technology to make that prototyping possible. Cost and ease of
use are two of the most influential when looking at most SMEs (Small to Medium-sized
Enterprises). The U.S. Small Business Administration defines an SME as smaller than 1,250
employees. According to An Assessment of Implementation of Entry-Level 3D Printers from the
Perspective of Small Businesses, 59% of small manufacturers had implemented 3D printers as of
2014. However, no matter what technology is used in rapid prototyping, there are common
limitations and complications that arise. For 3D printing, whether because of material or
structural limitations, objects cannot always meet the requirements set forth by the operator. For
injection molding, the creation of metal molds/dies can be expensive and time consuming, or
even unattainable for some businesses. There is a need for technology that could perhaps fill in
the gaps of these processes as it pertains to small scale production/prototyping.

1.2 Objective
(BL)
To facilitate the need of rapid prototyping within the injection molding world an
injection molder with an attached 3D printer will be designed and implemented. The
two portions comprise one machine, but they operate independently such that the machine is
5
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either printing or molding. The overall design is that the 3D printer portion prints a one-use heatresistant polymer mold which, when finished, moves the mold on a conveyor to the
injection molder portion. The molder then injects melted plastic into the mold to create a
prototype of the desired product. Due to the independent nature of the two systems the
injection molder can use production-ready, multi-use molds without the need to use the 3D
printer. This design allows for flexible injection molding system which can effectively prototype
and produce final products.

1.3 Background
In an engineering discipline, a design originates from a central idea or need. If proper
research is not done prior to the execution of a given design, time and other valuable resources
can be wasted. To avoid this, research of scholarly articles and past patents can be examined and
used to answer questions to qualify and quantify a design proposal. Written in this document are
answers to these types of questions. Specifically, questions from Section 2.5 of Design for
Electrical and Computer Engineers (Theory, Concepts, and Practice) written by Ralph M. Ford
and Chris S. Coulston. This document will be divided into relevant sections that answer these
questions from the text.
(KL, LP)
Rapid prototyping is something done in engineering quite often, especially with the
growing use of business models such as Agile manufacturing. Simulation and careful
calculations are effective, but real-world error is something that can cause unexpected results. In
a survey article by Xue Yan and P Gu they argue that large companies benefit from rapid
prototyping through visualization, “Designers use CAD to generate computer representations of
their design concepts. However, no matter how well engineers interpret blueprints and how
excellent CAD images of complex objects are, it is still very difficult to visualize exactly what
the actual complex products will look like. Some errors may still escape from the review of
engineers and designers. The touch of the physical objects can reveal unanticipated problems and
sometimes spark a better design” (Yan, Gu 308). Rapid prototyping is a largely beneficial
process that can provide a company with a physical draft of a product before ordering any
expensive materials or outsourcing a design to be mass produced. With a range of techniques
6
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such as 3D printing and injection molding, rapid prototypes can come to fruition quickly and
efficiently without too much overhead cost. More specifically, the combination of these
techniques can be utilized such that their strengths complement one another and enhance the
overall prototype production process.
(KL, LP)
The application of additive manufacturing (3D printing) is still very early on in its
development in industry. The technology allows for the layered creating of objects by melting
the material and slowly forming an object designed in CAD software. The technology has only
been widely available for about the last three decades. This process is still underdeveloped,
especially when considering that injection molding, a form of manufacturing that injects melted
material at high pressures into a previously shaped mold, has been widely utilized in the
manufacturing environment since the mid-1900s. The use of 3D printed molds is an even newer
method in manufacturing. Typically, 3D printing technology is developed through the
manipulation of materials and how those materials are printed. As such, this concept applies
directly to the technic behind 3D printed molds. In a scientific paper, Rapid Softlithography
Using 3D-Printed Molds, Bazaz, S. et al. writes about a specific application of 3D printing
technology as an alternative process for fabricating PMDS microchannels, writing, “One such
alternative is the use of 3D printing technology for the fabrication of softlithography molds.
Among all 3D printing methods, stereolithography apparatus (SLA) and digital light processing
(DLP) offer great advantages, making them ideal candidates for microfluidics and biomedical
applications. However, one of the limitations of 3D printed SLA/DLP master molds for
softlithography is the requirement for tedious pretreatments prior to PDMS casting.” (Bazaz,
Kashaninejad, Azadi, Patel, Asadnia, Jin, Warkiani). To further clarify, stereolithography and
digital light processing are two different types of 3D printing technology. In stereolithography,
chemical polymers are combined to create stronger prints, while DLP uses focused light to
introduce energy into the system. These advanced forms of printing are some of the newest
advances in the current technology of 3D printing. Another application of an additively
manufactured mold is laid out in a study on the practice’s use in the medical industry. The study
describes a process with elastomers, polymers that have natural elastic properties, in a protocol in
5 steps “(1) mold design & production, (2) mold assembly, (3) elastomer mixing, (4) elastomer
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injection, and (5) elastomer curing & demolding.” (P. Chung, et al.). The study offers another
technique for 3D-printing. That being fused-deposition modeling (FDM). Regarding this the
study states that “Compared to building metal molds or SLA molds, FDM is a generally cheaper
and faster process. Fairly complex molds can be printed quickly on an in-house 3D printer, or
cheaply produced by one of the many 3D printing services available.” (P. Chung, et al.). 3D
printing molds has presented itself as a strong manufacturing technology in the medical and
microfluidics fields with these studies being strong examples of its uses in industry and ongoing
attempts to improve upon the application of 3D printing technology.

(KL, LP, LE)
Regarding current technology of 3D printing and injection molding, there are several
limitations. For example, 3D printing cannot always provide the functionality or properties that a
produced part may need such as strength or durability. For injection molding, the design and
fabrication of a die is expensive and time consuming. Also, with traditional methods of
fabrication (CNC of different metals such as aluminum), a given die must have limited
geometrical complexity to comply with the abilities and tolerances of CNC manufacturing.
When combining the two ideas of 3D Printing and Injection Molding, they usually require
different fixtures and act as isolated processes. In a patent application by Richard Stump for
Fathom, Inc., “…a second complexity parameter may represent the number, types, and locations
of fixtures required for the 3D molded object; a third complexity parameter may represent the
number, types, and locations of fixtures required for the injection molds…” (Stump 6). The
patent presented shows the concept of 3D printing a mold for an Injection Molding while
discussing the separation of the process and the intermediate steps taken in between. These
intermediate steps add time, complexity, and cost to the overall process. Automation between the
two processes would be a beneficial step to take that reduces time and effort of physical
interjection.
(KL, LP)
It is noted by Van den Broek in his study on the practicality of these methods that, “with
3D printing being a relatively new technology, not many theoretical or practical studies can be
8
DT01FDR
.docx

Senior Project Final Report

Everhart, Leap, Lorey, Paolucci

found on using additive manufacturing as a tooling method for injection molding” (Van den
Broek 10). That is to say that the use of 3D printed molds in the industry is poorly documented
and relatively experimental. However, hypothetical use cases can be presented. Van den Broek
details different additive techniques that can be used to print a mold. He champions SLA as “a
feasible alternative to conventional tooling methods” (Van den Broek 11). As is common in
modern 3D printers, this technique can be easily adapted into the project to do the printing. The
most notable deviation that the project will be taking from most current technologies is that it
will attempt to automate the process of moving the mold under the injection nozzle. This
automation is not present in current technologies and the process must be completed by hand. As
stated earlier, reducing the time and effort between the printer stage and molder stage would go a
long way to easing the combination of the two processes.
(LE, BL)
There are multiple patents relevant to this project. The patent US 2014/0277664 A1
describes the system titled “3d printing systems and methods for fabricating injections molds”
(Stump 1). This project has a similar work flow as show in FIG. 1 of the patent where 3D design
files are converted to G-code, which are given as instruction to the 3D printer to create the mold
(Stump 2). Then, the molder injects plastic into the printed mold. The final product is then
removed from the mold once the plastic has cooled. The only difference between the patent and
this project is that there is not any machining between printing and molding. The mold is
automatically transferred from the printer to the molder. Another patent, US 7,670,125 B2,
describes an injection molding device for plastic parts which has a relatively similar design to
this injector portion of the project (Armbruster 1). Key differences are that the device in the
patent contains four alignment bars and the injector as part of the project only has two
(Armbruster 1). The project’s injector also has the injection gate located in the center as opposed
to any other location within the patent’s due to creating the most even flow patterns to provide
greater strength of finished parts (Polak and Zahalka 662).

1.4 Marketing Requirements
1. A system will be developed to combine the functionality of a 3-D printer and a mold injector.
2. The system will print a mold based upon an STL file.
9
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3. The system will have an HMI (Human Machine Interface) with a GUI.
4. The user will be able to monitor system diagnostics on runtime.
5. Minimal user action will be required between the time of starting the print and finishing the
molded model.

2. Engineering Analysis
2.1 Circuits
(KL)
The four major circuit elements that will be included into the design of the NJ3CT are as
follows: the Power Supply, the High-voltage controllers, the Sensors, and the Microcontroller
Unit (MCU) circuitry. By dividing up these four systems the NJ3CT machine was broken down
by the team to bring it to fruition.
The power supply portion of the electronic board for the machine was able to accept 24
[VDC] from an external power supply. From the external 24 [VDC] there will be a series voltage
regulation to create rails of 12, 5 and 3.3 [VDC]. All regulators will be linear to minimize risk of
noise that can be caused by switching regulators. These rails will be distributed to the other
portions of the machine. 5 [VDC] will be provided to the MCU and Integrated Circuits (IC)
within the Sensor and Controller circuits. 24 [VDC] was provided to the 3D printer motor drivers
and heating elements. The 24 and 12 [VDC] was also provided to the motors on the Injection
Molder. The motors and heating elements will be high power systems and to consider what
power was needed the speeds and movements of the motors are taken into consideration.
𝑃 = 𝑉∗𝐼
(1)

In equation one, P is power, V is voltage, and I is the current. Using this equation, the
power required was used to select the external power supply. Focusing on the motors, power can
be calculated from the following motor equations,
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𝜏 = 𝐾𝑚 ∗ 𝐼
(2)

𝑉 = 𝐾𝑒 ∗ 𝜔
(3)

Equation two is the formula for torque of a motor. Tau is the torque and Km is a motor
characteristic variable. Likewise, equation three is the voltage driving a motor based off the of
angular velocity, ω, and a separate motor characteristic variable Ke. These equations were
manipulated and used to calculate the power needed for the design of the power supply. The
voltage was known and understanding the relationship of torque provided current to do the final
power calculations.
The high voltage controllers within the system can also be subdivided into two main
categories: motors and heating. The high voltage controllers consisted of level translators that
translated 3.3 [VDC] logic voltage PWM and transformed it into a voltage level of 24 and 12
[VDC]. In other words, higher voltages were allowed to pass into the motors by logic level
voltages. The control signal was used to cause switching to occur in a circuit setup such as an
internal MOSFET H-bridge. Like the motors the heat element controllers will be provided lower
and higher voltages. The lower voltages will contribute to control factors and the higher voltages
will be quickly switched to provide power directly to the heating elements. The heating element
circuitry was comprised of a P-Channel MOSFET with the gate tied to a NPN transistor that will
be able to pull the gate down to ground. The base was be driven with pulse width modulation and
as the duty cycle increases the average current through the MOSFET and the heating element
will decrease.
𝐼 = 𝐼𝑚𝑎𝑥 ∗ (1 − 𝐷𝐶)
(4)

Imax can be calculated by taking the high voltage level and dividing it by the
MOSFET’s drain to source resistance (Rds(on)) and the heating element’s resistance (RH).

𝐼𝑚𝑎𝑥 =

𝑉𝑐𝑐
𝑅𝑑𝑠(𝑜𝑛) + 𝑅𝐻
(5)
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The final equation worth mentioning is the power that will be supplied to the heating
element (PH). This can be calculated using the well-known power equation for a resistor.
𝑃𝐻 = 𝐼 2 𝑅𝐻
(6)

The stepper motors were controlled a little differently. Like the other motors, the
MCU only needed to produce PWM and use I/O signaling for control, but the IC’s that drove the
motors was able to take PWM at varying frequencies translate that into motor motion. I/O was
used by the IC to change the state of the IC from active and enabled modes to disabled and low
power sleeping modes.
The Sensors of the system will involve predominately temperature sensors. Using
thermocouples will generate thermocouples that will generate micro-level voltages that will be
input into integrated circuits that will amplify this signal and translate the reading into a
communication protocol that can be read by the microcontroller. The final sensor to consider is a
positional maximum sensor within the 3D Printer portion of the machine. Whenever the
extruders go too far in one direction the machine must throw an error to stop motion. By
sampling closing the circuit and passing voltage through this can easily be accomplished.
The MCU was powered by the 5 [VDC] voltages. This circuit system will be the brains of
the machine. The mold design was provided directly to MCU through an SD card reader and
interpreted. The MCU was able to generate instructions to send corresponding motor control
signals to the 3D printer. These same motor control signals were provided to the controllers for
the Injection Molder motors to spin the crank of the injection dowel and clamping mechanism.
The MCU was also able to receive the temperatures of the heating elements using a SPI
communication bus and an array of ICs. In response to these readings, the MCU provided control
signals to change the heating controllers to provide more or less power to cause as little
temperature fluctuation as possible after target temperatures were reached. A large responsibility
of the MCU was to interface with the Human-Machine Interface (HMI) using an I2C bus. The
user was able to jog motors and see machine statuses through the multiple sensor readings. This
information will be going through the MCU to be distributed and taken from the machine.
12
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2.2 Electronics
(KL)
Along with the electronics board designed by the students, a lot of other electronics were
involved in the machine. Stepper motors were used primarily in the 3D printer and for the
translational system to transfer the 3D printed mold to the Injection Molder. The motors
represent the three cartesian directions, x, y, and z and were used to push the mold material
through the heating elements and extruders. The y direction doubled as the translational system
that moved back and forth during mold printing and convey the mold all the way to the Injection
Molder.
Along with the motors of the 3D printer, there will also be temperature and limit sensor
devices. Thermocouples connected to the heating elements were read by ICs on the board. For a
basic and affordable way to do this the type of thermocouple selected will come into play. One of
the cheaper types that were used on the final design are type J thermocouples. The limit sensors
were paddle tactile switches. When the tactile switches are closed a closed circuit will be created
and the MCU detected a positional maximum
The Injection Molder had DC brushed motors. The motors were used to provide higher
forces to the clamping mechanism that traps the 3D printed mold in place. Another brushed
motor will be used to turn crank connected to the injection dowel that was in a pressure vessel.
The Injection Molder also had a heating element that heated the whole pressure vessel to
melt material fed into it. Type J thermocouples like before were used to measure the temperature
of the pressure barrel.
The final electronic to mention was the external power supply. An external supply was
supplied 120 [Vac] through an IEC-14 connector with a fused switch. The output of the supply
was 24 [VDC] which was in turn supplied to the board for the on-board power regulation and
circuit components on the board.

2.3 Signal Processing
(LE)
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A crucial element to the functioning of the system is the use of pulse width modulating
(PWM) signals in the control of the motors responsible for motion in the 3D printer and injection
molder. The MCU is responsible for generating these signals and distributing them to the
necessary hardware elements. For the stepper motors present in the system, the PWM is the input
of a corresponding motor driver. The driver interprets the PWM signal as well as digital signal
inputs to produce a driving DC signal.

2.4 Communications
(BL)
The major forms of communication used are the serial peripheral interface (SPI) and
inter-integrated circuit (I2C) protocols. The MCU acts as an I2C slave to the HMI’s single-board
computer (SBC). The MCU is a slave as opposed to a master due to the chosen SBC (Raspberry
Pi 3) not supporting the ability to be an I2C slave. Despite this limitation I2C was chosen over a
UART interface due to needing a strictly synchronous communication protocol. I2C is also the
protocol used for communicating with the encoder for determining the distance travelled by the
brushed motors. Lastly, SPI is used for communication between the MCU and temperature
sensors. All of the sensors are on a single SPI bus which provides the convenience of only
needing to toggle a signle bit to differentiate between sensors.

2.5 Electromechanics
(LP)
The electromechanics system is driven by a combination of bipolar stepper motors and
DC brushless motors. The steppers motors control all motion for the 3D printing portion of the
machine. There are three steppers that control the x, y, and z axes, as well as two steppers that
control the extruding of filament to the nozzle of the printer. For the x axis, the stepper contacts a
belt via a gear fixed on the shaft of the motor. The belt is attached to the given apparatus (the
printer head) and put under tension such that when the motor shaft turns, motion occurs in either
14
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the positive or negative x direction. For the y and z axes, the motion is driven by a lead screw.
The screw is interfaced onto the end of the motor shaft such that they turn in the same direction
and angle. This screw turning causes the given axis to travel in either the positive or negative y/z
direction depending on clockwise or counterclockwise rotation.
For the injection molder portion of the machine, there are two DC brushless motors that
will drive the required motion. The first motor will be used for the clamping force for the mold.
The mold will be printed into two halves that will be pressed together during injection. This
force is needed to prevent any material from leaking out of the mold. One side of the mold will
be held stationary and the other will be pressed via a rack and pinion mechanism driven by a
motor. This clamping force will be maintained for the entirety of the injection process until the
material cures inside the mold. The second motor drives the forward motion of the dowel inside
the pressure barrel. As the motor rotates in given direction, the dowel is either pulled forward or
backward via a linking mechanism.

2.6 Embedded Systems & Controls
(BL, LP)
The main embedded system will consist of a PCB board hosting an MCU which acts as
the main controller for the entire system. The other major components the main board will host
are stepper motor drivers. The MCU will interface with each of the drivers to direct the
movements of the stepper motors in the 3D printer and injection molder. The interface between
each driver and the MCU will be a PWM signal for speed control and multiple GPIO lines for
direction control and configuration options such as microstepping. The drivers output lines will
be connected to the stepper motors terminals, providing DC voltages that power their movement.
Each motor track will also have a limit switch that is connected to the MCU via a GPIO input for
the purposes of homing the printer before a new job. There will also be two brushless motor
controllers for the injection molder. These controllers will also be driven by PWM signals with
additional GPIO lines for direction control, position feedback, and others control information.
Please note that the internal design of the stepper versus brushless motor drivers are drastically
different due to the operational differences of these motor types. The stepper motors allow a high
level of rotational accuracy to be obtained for motion of the printer, while the brushless motors
15
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will allow for the high amount of torque needed for the clamping of the mold, as well as, the
pressurization of the injection screw.
To receive the instructions necessary for printing a mold, there will be an SD card slot on
the main PCB board. The SD card slot will have a direct connection to the MCU using its
SDMMC peripheral interface. This connection will allow the MCU to directly open and read Gcode files which contain the instructions needed. The MCU then translates each line into the
necessary action, typically motor and heating control.
There will also be an SBC connected to a touchscreen LCD, referred to as the HMI in this
system. The only component the HMI will interface with is the MCU, over the previously
mentioned serial connection. The HMI will allow users to select and configure jobs from files on
the SD card. It will also allow manual motor jogging and other manual inputs for debugging
purposes. All commands input to the HMI are then sent to MCU to be accomplished. The HMI
will also display job progress to the user and sensor reading which are received from the MCU.
The HMI will not be designed to control any real-time functions of the machine.

3. Engineering Requirements Specification
The engineering requirements define quantifiable and measurable goals that the system
will meet. The requirements of the NJ3CT mostly focus on the ability of the system to maintain
programmed temperatures, the ability to accurately drive the system’s motors, and the overall
usability of the system. These requirements will need to be met to qualify a successful
implementation of this design.

Table 1: Engineering Requirements

Marketing
Requirements

Engineering Requirements

Justification

1,2

3-D model should print to a 2'' X 2'' base
area.

1,2

3-D printer should be capable of printing at
speeds ≥ 40mm/s.

Mold size limitations are
strictly motivated by the desire
to reduce complexity of the
overall project.
This is a standard qualification
for a printer to efficiently
reduce the overall print time.
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Extruder hot end should maintain
programmed temperature within 1% in a
temperature range of 380 - 400⁰C.
Printer bed should maintain programmed
temperature within 2% in a temperature
range of range of 100 - 120⁰C
3-D printer extruder should print within
5% of slicer resolution.

Temperature fluctuations
greater than a few degrees
would harm performance.
Same reasoning as previous
requirement.

1,5

Injection screw motor should maintain
within 5% of programmed rotation speed.

2,3,5

Compatible with standard communication
and language protocols.

The rate at which material is
injected into the mold must be
constant.
Adhering to common standards
will streamline design process.

1,2

1,2

Slicer resolution will be set to
a value such as 0.1mm.
Variations to layer height
should be negligible.
HMI should display diagnostics to user
The display must update
with a latency of less than 500ms (this is
frequently enough such that the
the time from data capture to data display). user perceives accurate
readings.
Printer should have ability to return from
This is a standard 3D printer
any position in the print volume to home
requirement based average
position within 1 minute.
print volume and movement
speeds.
Injection screw should maintain
The material being injected
programmed temperature within 1% up to
into the mold must be
215⁰C.
sufficiently heated to flow.
Mold should maintain programmed
Mold must be heated to
temperature within 1%.
specified temperature based on
material being injected.
Clamping motor should maintain required
If clamping force is not
force such that minimal flashing around the maintained the mold will leak
part occurs.
during injection.

3,4

3,5

1,5

1,5

1,5

4. Engineering Standards Specifications
4.1 Safety
(KL)
The NJ3CT 3D had lot of moving parts and high-power systems throughout the machine.
To ensure the safety of the user, wire standards according to the National Electric Code Article
310.16(2) will be followed during the design of wire harnesses. Along with this, using a fused
switch as well as a fused entry point will ensure that the machine does not take on too much
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power that it catches fire. Using mechanical covers was the most productive way to ensure user
safety, closing off the printer, covering the sides of the conveyer and allowing plenty of
clearance to remove the injected 3D printed mold was used to make the machine safer to use.
Timing was also used for safety. Using sensors allowed for the system to measure heat and
positions of mechanical parts for the user to read when specific parts of the machine are safe to
touch and clean if necessary. Using timing to alert the user when the final product is safe to grab
was also crucial. The machine was able to time when the clamping mechanism of the Injection
Molder has completely moved back and has stopped and will alert the user following this point.
For a final remark, the machine’s high temperature and moving mechanical parts were marked to
add to the user’s safety.

4.2 Communication
(BL)
There are no official communication standards used in this system. The main
communication interfaces used are I2C and SPI, but there are not any specific communication
standards used for this project.

4.3 Data Formats
(BL, LE)
The MCU collects and process data from the temperature sensors. These readings are
output on a temperature sensor IC. The sensor transmits temperature data to the MCU for
processing. The MCU displays the data to the HMI as well as uses the readings during operation
to make decisions. For example, temperature readings are used to know whether the filament in
the 3D printer is being melted so the print can begin.
Data from an input file is read from an SD card directly inserted into the MCU. The SD
card contains the user defined g-code file that outlines the design of the mold. The g-code is
transferred and parsed on the MCU line by line. Each line of g-code will generate a command for
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the motor control. After the command is generated the corresponding control signals is
distributed to the 3D printer motors to accurately print the mold.

4.4 Design Methods
(LP)
To design this system, collaboration is required across three disciplines of engineering;
that is, mechanical, electrical, and computer engineering. The mechanical design involves the
conceptualization and fabrication physical structure of the machine. The size of the mold to be
printed and injected in the primary factor that determines the overall frame size. The frame must
be large enough for the mold to be printed and conveyed to the clamping mechanism. The frame
also must be sturdy enough to avoid toppling over during printing or injection. Thus, the frame
concept in Figure 4 was realized. Another consideration involved placement of the injection
hopper. This is where the material for the injection process is fed. Currently, a vertical placement
of the hopper was chosen in order to allow the material to be fed into the injection screw by
gravity, rather than having a force driven feed mechanism.
The electrical and computer-based design involves the power and control systems for the
machine. Many decisions for specific component selection were based off of standards in the 3D
printing industry. For example, NEAM 17 type stepper motors are an obvious choice for all
motion of the printer due to the fact that the majority of printers on the market use this category
of motor. There are many different configurations within NEMA 17 that determine power
dissipation and torque. A specific motor will be chosen based on the largest forces we need to
drive on the printer, which would be the print bed. DC brushless motors were chosen for the
injection molder because of their many advantages over DC brushed for high toque applications.
Some of these advantages include smaller form factor, higher torque density, and higher
precision control. Total power consumption for the whole system can be divided into two phases.
Phase one will incorporate the printer and phase two will involve the injection molder. The total
power of the system will be calculated such that it can accommodate the highest power needs of
the two systems. This is due to the fact that only one phase will be executing at a time, therefore,
the power will be consumed either from the printer or the injection molder.
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All subsystems of the design will be constructed separately in some shape or form to best
reflect what the final prototype will exhibit. These subsystems consist of stepper and DC
brushless motor control, heating and temperature control, and the HMI. The current and voltage
output of these subsystems can be measured on the lab bench and compared to the hand
calculations done earlier in the design to reinforce design decisions. There are other attributes
that can be measured as well such as speed of motors and accuracy of temperature sensors to
further validate the overall system design.

4.5 Programming Languages
(BL, LE)
Most programming was done on the MCU using the C programming language. There are
a variety of compilers available for C, but the GNU’s Compiler Collection (GCC) for the ARM
architecture is the most used and supported for ARM-based MCUs. In addition to the C language
libraries any address-mapping and peripheral libraries available for the chosen MCU that were
written by its producer were used.
The HMI’s interface was programmed with the Python language. Currently, Python 3.7 is
the most supported version by a wide variety of SBCs and was the version used. The choice of
Python was made due to enabling the rapid development of higher-level functions such as a
graphical user interface (GUI). Alongside the standard Python modules, the PySide2 GUI
framework was used. PySide2 is a Python binding to the popular Qt framework written in C++.
This makes it an excellent choice for creating professional interfaces, with the speed of Python
development.

4.6 Connector Standards
(KL)
The NJ3CT machine had board-to-wire connectors that reside in the KK254 series. The
KK254 series connectors are rated to 2.5 [ADC]. The series of connectors fall under a UL94 V0(3) flammability rating. Along with the Molex connectors there will be a serial connection
between the raspberry pi and the board. For the serial connector, the board will operate this
communication at 5 [VDC] and be able to handle up to 500 [mADC]. The final connector to
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mention is the SD card connection. Based off standards the connector will operate at both 3.3
and 1.8 [VDC]. While selecting the serial and SD card connectors, a flammability rating of at least
UL94 V-0 will be required to follow suit with the Molex connectors.

5. Accepted Technical Design
5.1 Hardware Design

Figure 1: Level 0 Hardware Block Diagram
Table 2: Hardware Level 0 Functional Requirements

Module

NJ3CT 3D Power & Control Systems

Designer(s)

Lee Paolucci, Karson Lorey, Brandon Leap, Luke Everhart

Inputs

120 Vac: 120V alternating current supplied from wall outlet(s).
3D Printer Filament: ULTEM 1010 1.75mm diameter filament.

21
DT01FDR
.docx

Senior Project Final Report

Everhart, Leap, Lorey, Paolucci

Mold Polymer: Polymers with injection temp. under 215⁰C(ABS, PLA,
silicone)
Mold Design: User generated CAD design of 3D mold produced from STL
file of object to be injection molded.
Outputs

Injected 3D Mold: 3D Printed mold with cross sectional area of 4in2 injected
with Mold Polymer.

Description

The NJ3CT 3D system will take a mold design from the user, generated from
any 3D modeling software, and extrude a 3D printed mold of the end product
using the 3D Printer Filament. The mold be sent to the Injection Molder
apparatus. The Injection Molder will then use the Mold Polymer to inject the
Mold in order to produce a final product within the 3D printed mold.

Figure 2: Level 1 Hardware Block Diagram – Power & Control Systems
Table 3: Hardware Level 1 Functional Requirements – 3D Printer

Module

3D Printer

Designer(s)

Lee Paolucci, Karson Lorey, Brandon Leap, Luke Everhart
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48 Vdc: 48V direct current supplied from wall main power supply.
24 Vdc: 24V direct current supplied from wall main power supply.
3D Printer Filament: ULTEM 1010 1.75mm diameter filament.
Peripheral Control: Microcontroller input for all onboard peripherals that
drive operations(i.e. motor control, temperature control, etc.).

Outputs

3D Printed Mold: ULTEM mold with cross sectional area of 4in2 conveyed
to injection mold.
Peripheral Feedback: Any needed feedback from peripheral back to
microcontroller(i.e. temperature sensor feedback, motor position, etc.)

Description

The 3D Printer will take ULTEM filament, necessary driving power, and
control signals to produce a 3D printed to mold to be conveyed to the Injection
Molder apparatus. During printer operation, relevant feedback information
will be sent back to the microcontroller.

Table 4: Hardware Level 1 Functional Requirements – Injection Molder

Module

Injection Molder

Designer(s)

Lee Paolucci, Karson Lorey, Brandon Leap, Luke Everhart

Inputs

48 Vdc: 48V direct current supplied from wall main power supply.
3D Printed Mold: ULTEM mold with cross sectional area of 4in2 conveyed
to injection mold.
Mold Polymer: Polymers with injection temp. under 215⁰C(ABS, PLA,
silicone).
Peripheral Control: Microcontroller input for all onboard peripherals that
drive operations(i.e. material loading, temperature control, etc.).

Outputs

Injected 3D Mold: 3D Printed mold with cross sectional area of 4in2 injected
with Mold Polymer.
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Peripheral Feedback: Any needed feedback from peripheral back to
microcontroller(i.e. temperature sensor feedback, material loaded, etc.).
Description

The Injection Molder will receive the 3D Printed Mold from the conveyor.
This apparatus will secure the mold and inject the heated Mold Polymer into
the mold via instructions from the microcontroller. Feedback of processes such
as temperature control and material flow will be sent to the controller. The
result is an Injected 3D Mold which the user’s end product can be recovered
from.

Table 5: Hardware Level 1 Functional Requirements – Power Supply

Module

Power Supply

Designer(s)

Karson Lorey, Brandon Leap, Luke Everhart

Inputs

120 Vac: 120V alternating current supplied from wall outlet(s).
Distribution Control: Microcontroller for control of power regulation levels.

Outputs

48 Vdc: 48V direct current produced from main power supply for heating
elements.
24 Vdc: 24V direct current regulated from main power supply for motor
drivers.
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5 Vdc: 5V direct current regulated from main power supply for relevant
peripherals/logic.
3.3 Vdc: 3.3V direct current regulated from main power supply for relevant
peripherals/logic.

Description

The power supply will take 120 Vac and produce 48 Vdc for heating elements
in both the 3D Printer and Injection Molder This will further be regulated to
24 Vdc, 5 Vdc, and 3.3 Vdc for all other subsystem functions.

Table 6: Hardware Level 1 Functional Requirements – Controls System

Module

Controls System

Designer(s)

Lee Paolucci, Karson Lorey, Brandon Leap, Luke Everhart
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5 Vdc: 5V direct current regulated from main power supply for relevant
peripherals/logic.
3.3 Vdc: 3.3V direct current regulated from main power supply for relevant
peripherals/logic.
Mold Design(User Input): User generated CAD design of 3D mold produced
from STL file of object to be injection molded.
Peripheral Feedback: Any needed feedback from peripheral back to
microcontroller(i.e. temperature sensor feedback, motor position, etc.).

Outputs

48 Vdc: 48V direct current supplied from wall main power supply.
Peripheral Control: Microcontroller input for all onboard peripherals that
drive operations(i.e. material loading, temperature control, etc.).
Distribution Control: Microcontroller for control of power regulation levels.

Description

The power supply will take 120 Vac and produce 48 Vdc as main power to both
the 3D Printer and Injection Molder subsystems.

Figure 3: Hardware Level 2 Block Diagram – 3D Printer
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Table 7: Hardware Level 2 Functional Requirements – Extrusion/Hot End

Module

Extrusion/Hot End

Designer(s)

Karson Lorey, Luke Everhart

Inputs

Heating Signal: This signal drives the heating element that melts the 3D
Printer Filament.
Motor Drive Signal: This signal drives the stepper motor that controls how
much 3D Printer Filament is fed into the hot end.
3D Printer Filament: The filament is fed into the Hot End and extruded onto
the bed of the printer.

Outputs

3D Printed Mold: The motion of the X, Y, Z axes and extrusion of material
will produce the mold to be conveyed to Injection Molder.

Description

The Extrusion/Hot End will use the extrusion motor to feed 3D Printer
Filament through a heating element to be pushed through the printer nozzle to
produce layers of the mold on the printer bed.

Table 8: Hardware Level 2 Functional Requirements – Motor Controller(s) (3D)

Module

Motor Controller(s) (3D)

Designer(s)

Lee Paolucci, Brandon Leap, Luke Everhart

Inputs

24Vdc: 24V direct current supplied from wall main power supply.
Motor Control: Signals from microcontroller that engage the motor driver.

Outputs

Motor Drive Signal: Driving signal that control stepper motor motion and
direction.

Description

The motor controller provides input to all stepper motors for X, Y, and Z
motion, as well as extruder movement to feed filament to the Hot
End/Extruder.
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Table 9: Hardware Level 2 Functional Requirements – X/Z Motion

Module

X/Z Motion

Designer(s)

Lee Paolucci, Brandon Leap

Inputs

Motor Drive Signal: This signal drives the stepper motors that move the
carriage in X and Z direction

Outputs

3D Printed Mold: The motion of the X, Y, Z axes and extrusion of material
will produce the mold to be conveyed to Injection Molder.

Description

The X/Z motion of the printer carriage.

Table 10: Hardware Level 2 Functional Requirements – Conveyor/Bed (Y)

Module

Conveyor/Bed(Y)

Designer(s)

Lee Paolucci, Brandon, Karson Lorey

Inputs

Heat Signal: Controlled high-power signal being driven into the heating
element of the bed.
Motor Drive Signal: Signals from microcontroller that engage the motor
driver.

Outputs

Limit Feedback: Sensor for positional limits.
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Temperature Feedback: Scaled analog signal to read current temperature of
heating elements.
Description

Platform that the 3D molds will be printed onto. Once mold is printed and
cooled the bed that is on a mechanical conveyer will be transferred down to
the Injection Molder. Conveyer doubles as the y direction of 3D printing.

Figure 4: Hardware Level 2 Block Diagram – Injection Molder

Table 11: Hardware Level 2 Functional Requirements – Motor Controller(s) (IM)

Module

Motor Controller(s) (IM)

Designer(s)

Lee Paolucci, Brandon Leap, Luke Everhart

Inputs

48Vdc: 48V direct current supplied from wall main power supply.
Motor Control: Signals from microcontroller that engage the motor driver.

Outputs

Motor Drive Signal: Driving signal that control stepper motor motion and
direction.
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Individual controllers are used to drive the individual motors in each system
portion.
Table 12: Hardware Level 2 Functional Requirements – Injection Screw

Module
Designer(s)
Inputs

Outputs

Description

Injection Screw
Karson Lorey, Luke Everhart
Heat Signal: Controlled high-power signal being driven into the heating
element of the bed.
Motor Drive Signal: Driving signal that control stepper motor motion and
direction.
Pressure and Temperature Feedback: Feedback to Microcontroller based
on sampled readings.
Injected 3D Mold: Final machine output of melted material forced into the
3D printed mold.
Heated screw that will turn to melt and feed the material into the 3D printed
mold while positioned in the clamp mechanism.

Table 13: Hardware Level 2 Functional Requirements – Clamp Mechanism

Module
Designer(s)
Inputs

Clamp Mechanism
Lee Paolucci, Karson Lorey, Brandon Leap, Luke Everhart
Motor Drive Signal: Driving signal that control stepper motor motion and
direction.
3D Printed Mold: Material shaped by the 3D printer portion of the machine
that is conveyed down into the area of the clamp mechanism.
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Injected 3D Mold: Final machine output of melted material forced into the
3D printed mold.
Clamp mechanism will use a motor to keep the 3D printed mold parts together
while injecting material is forced into mold.
Table 14: Hardware Level 2 Functional Requirements – Injection Mold Feed

Module
Designer(s)
Inputs
Outputs
Description

Injection Material Feed
Mechanical Team
Mold Polymer: Injecting material of lower temperature properties of the 3D
printing material.
Injected 3D Mold: Final machine output of melted material forced into the
3D printed mold.
Gravity feeding hopper that feeds material into the pressure barrel to inject the
3D printed mold.

Figure 5: Hardware Level 2 Block Diagram – Power Supply

Table 15: Hardware Level 2 Functional Requirements – External 48 Vdc Supply

Module
Designer(s)

External 48 Vdc Supply
Bought device.

Inputs
Outputs

120 Vac: Wall input even into machine.
+48 Vdc: Screw knob output that will be wired into the machine electrical
board. Also used as power rail.
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Box power supply purchased to limit design costs.
Table 16: Hardware Level 2 Functional Requirements – +24 Vdc Regulator

Module
Designer(s)
Inputs
Outputs
Description

+24 Vdc Regulator
Karson Lorey
+48 Vdc: Screw knob output that will be wired into the machine electrical
board.
+24 Vdc: Regulated voltage for rail available usage.
Linear regulator to create a 24 Vdc rail.
Table 17: Hardware Level 2 Functional Requirements – +5Vdc Regulator

Module
Designer(s)

+5Vdc Regulator
Karson Lorey

Inputs
Outputs
Description

+24 Vdc: Regulated voltage for rail available usage.
+5 Vdc: Regulated voltage for rail available usage.
Linear regulator to create a 5 Vdc rail.
Table 18: Hardware Level 2 Functional Requirements – +3.3Vdc Regulator

Module
Designer(s)
Inputs
Outputs
Description

+3.3Vdc Regulator
Lee Paolucci
+5 Vdc: Regulated voltage for rail available usage.
+3.3 Vdc: Regulated voltage for rail available usage.
Linear regulator to create a 3.3 Vdc rail.

Figure 6: Hardware Level 2 Block Diagram – Controls System
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Table 19: Hardware Level 2 Functional Requirements – Microcontroller

Module
Designer(s)
Inputs

Outputs

Description

Microcontroller
Brandon Leap, Luke Everhart, Lee Paolucci, Karson Lorey
Mold Design (User Input): 3D Sliced file directly from user to be converted
to motor instructions.
Limit Feedback: 3D printer positional limit signal.
Temperature Feedback (3D): Temperature level readings of heating
elements from 3D Printer.
Temperature Feedback (IM): Temperature level readings of heating
elements from Injection Molder
Pressure Feedback: Pressure level reading of pressure vessel from Injection
Molder
User Control/ Peripheral Information: User controls for any
troubleshooting that may occur, extension of systems readings for users’
knowledge.
Heat Control Signal: Closed loop signal that goes through the heat
controller(s) to give power to the heating elements throughout the system.
User Control/ Peripheral Information: User controls for any
troubleshooting that may occur, extension of systems readings for users’
knowledge.
Motor Control: Signal to activate and direct motor driver controllers.
Main computing portion of the entire system used to time and control all
devices and subsystems within machine.

Table 20: Hardware Level 2 Functional Requirements – Heat Controller(s)

Module
Designer(s)
Inputs

Outputs
Description

Heat Controller(s)
Lee Paolucci, Karson Lorey
+48 Vdc: Subsystem power that is also adjusted to be driven to heating
elements.
Heat Control Signal: Controlling signal to intelligently drive power in a
closed loop to heating elements.
+3.3 Vdc: Regulated voltage for rail available usage.
Uses power provided and controlling signal to control the temperature of the
heating elements.

Table 21: Hardware Level 2 Functional Requirements – Human-Machine Interface

Module

Human-Machine Interface
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Brandon Leap, Luke Everhart
User Control/ Peripheral Information: User controls for any
troubleshooting that may occur, extension of systems readings for users’
knowledge.
Machine information/ Peripheral Information: User controls for any
troubleshooting that may occur, extension of systems readings for users’
knowledge.
Touch screen display to provide system information and take user input for
things such as jogging motors, selecting 3D slice file, etc.

Schematics and Printed Circuit Board Layout
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Figure 7: Power Supply Schematic

A +48 [Vdc] external power supply was originally going to be used to supply the main
power into the system. But a +24 [Vdc] power supply was used and R5 was the only resistor
populated in the 24V Regulation circuit. The +12 [Vdc] rail was created from a LM7812AC
instead due to the fast switching circuity and the slow regulation time of the TL431 was unable
to sustain the voltage level. Linear IC power regulators will be used to produce +5 and +3.3
[Vdc]. For now, there is a separate ground on the switching circuitry and possible jumpers can be
used to communize the grounds.
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Figure 8: Sensor Interface Schematic

The sensor interface consisted of the temperature and positional maximum sensors. The
MAX31855JASA+ thermocouple ICs were used to convert the readings into a SPI
communication bus the microcontroller could periodically read. The positional limit switches
will be digital to detect a logic high or low whenever the limit switch is closed.
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Figure 9: Heating Element Schematics

The heating elements use switching to put more or less power into the heating elements.
The power is proportional to the duty cycle of the of pulse-width modulation signals provided to
the base of the NPN transistors. A voltage divider on the base is used to reduce switching time
on the transistors. The original design voltage for the rails was 48 [VDC] but 24 [VDC] was used
because the higher voltage was causing thermal discontinuities in the transistors and damaging
them.
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Figure 10: Injection Molder H-Bridges

The H-Bridge is made of NPN transistors pulling down the voltage to saturate P-Channel
MOSFETs. This implementation of the H-bridge is a similar configuration as the heating
elements. A pulse-width modulation waveform was sent from the microcontroller along with a
high (3.3V) or low (0V) GPIO signal. Adjacent circuit combinations were used to allow the
power to go from one high side through the motor to the adjacent low side. Switching which two
were used in tandem allowed for the direction to change from one side to the other.
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Figure 11: PI, SD, and Encoder Interface

The Raspberry PI and magnetic coder both used I2C for interfacing with the nucleo
microcontroller. The SD card was able to be directly soldered to the board and used a SPI
interface for communication with the microcontroller.
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Figure 12: Stepper Motor Driver Interface

The stepper motors were controlled using the DRV8825 module from Pololu. The drivers
were used to simply the design and control the motors with simple pulse-width modulation from
the microcontroller. I/O lines were used to enable the drivers and change the direction the motor
would spin.
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Figure 13: Nucleo144-F767ZI interface

The module board for the STM32F767ZI microcontroller was not directly available so a
Nucleo module board for the controller was used and interfaced through the board. 5 [VDC] was
provided to the board for control.
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Figure 14: PCB Top Copper
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Figure 15: 3.3V Power Layer
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Figure 16: Ground layer
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Figure 17: Bottom copper layer
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5.2 Software Design
Pictured below is the level 0 software design block diagram. Following power on, the
software becomes split into three major phases. The initialization phase, in which the SingleBoard Computer (SBC) and the MCU are set up for the job, the 3D printing phase, in which the
mold is printed, and the injection molding phase, in which the molded part is injected into the
mold.

Figure 18: Software Level 0 Block Diagram

To provide a deeper look into the logic of the software, a level 1 flow chart is provided.
Processes are split between whether they occur on the MCU or on the SBC. This is a high-level
overview of how these processes are executed logically. Essentially, the MCU carries out
everything necessary to perform the job while sending various diagnostic data to the SBC and
accepting user input. Further detail is reserved for the level 2 flow charts.
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Figure 19: Software Level 1 Flow Chart

47
DT01FDR
.docx

Senior Project Final Report

Everhart, Leap, Lorey, Paolucci

The level 2 flow charts detail how the software will work on a lower level. The software
is broken up into its three main phases. Inputs and outputs between charts are denoted with “To”
and “From” blocks.
Below is the initialization flow chart. Initialization begins when the power is switched on.
This step sees the MCU peripherals, OS, and GUI program initialize. It involves the g-code file
selection and ends when the user presses “Begin Job” on the HMI, beginning the print.
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Figure 20: Software Level 2 Flow Chart – Initialization

The following lays out the 3D printing process. The wind up the begin the print, the print
itself, and the cool down after all occur here. This details the logic decisions made during the
print. An interrupt service routine (ISR) is used to continuously send data from the MCU to the
SMC on a timer. Phase ends when heating elements are cooled.
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Figure 21: Software Level 2 Flow Chart – 3D Printer

Below is the final software phase. The injection molding phase begins with the mold
being conveyed to the injection nozzle. This details logic decisions made in the injection process.
Another ISR is started to track temperature readings. Pressure readings are rapidly taken to
detect when to end the injection. The process ends when the mold is unclamped. The system then
loops back to the file select.
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Figure 22: Software Level 2 Flow Chart – Injection Molder

5.2.1 Extruding Stepper Motor Subsystem
(BL)
The stepper motors are controlled by interfacing with DRV8825 stepper motor drivers. In
the software this interface was abstracted into the NJCT_Stepper_t struct as seen in Figure XXi.

Figure 23: C-code for the NJCT_Stepper_t struct

This interface consists of handles to the timer and GPIO pins used to interface with each
of the stepper drivers. It also includes a speed in clock pulses per millimeter that is unique for
each stepper motor. Lastly, there are variables for keeping track of the current number of pulses
and whether the motor is currently running.
The stepper drivers are enabled by setting the DRV8825’s nSLEEP and nENBL pins high
and low, respectively. This is done in the NJCT_stepper_enable function as seen in Figure XXii.
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Figure 24: C-code for basic stepper motor functionality

Figure 24 also shows basic stepper functionality consisting of switching directions by
toggling the driver’s DIR pin and moving/stopping the motor’s movement by enabling/disabling
a 50% duty cycle coming from the stepper’s designated timer. Some of the functions in Figure
23 were utilized in Figure 24 to create functions for more intelligent movement.
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Figure 25: C-code for intelligent stepper motor movement

The two functions in Figure 25 are either given or calculate the distance the motor needs
to travel. Then they multiply the distance by the individual stepper’s speed to determine the
number of clock pulses to move for that correlates to the desired distance.

5.2.2 Temperature Sensor Reading
The temperature sensing in the final system was implemented differently that at the midterm
demonstration. The temperature read by the type-j thermocouples was reported with the
MAX31855JASA+ thermocouple sensor IC. The IC is a slave on a SPI bus. The C-code struct
where a temperature sensor is defined is shown in Figure 26.
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Figure 26: C-code for the NJCT_Temp_Sensor_t struct

The struct includes a Chip Select (CS) port and pin, a SPI receive buffer for the IC, a semaphore
to lock and unlock during data writes, and data array to store a portion of the temperature data.
When a temperature is requested elsewhere in the code, the function displayed in Figure
27 is executed.

Figure 27: C-code for the temperature reading function
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The function sets the CS for the thermocouple sensor low to trigger a transmission and receives
four bytes of data on the SPI line. Bitwise math is then used to parse and convert the temperature
data to an integer temperature value in degrees Celsius. The function returns the integer
temperature but also stores the two most significant bytes of the temperature data. These bytes
contain the raw temperature. It is important that both formats are reported by the function.
Additionally, the temperature reading requires two separate semaphores to account for a couple
of possible race conditions. One semaphore stops multiple sensors from reading the SPI line at a
time. The second stops the NJCT_Temp_Sensor_t struct from writing two different values to its
transmit_data[] array at a time.

5.2.3 GUI
Some functions of the system are controlled externally from the MCU via an onboard HMI. The
HMI is run on a Raspberry Pi 3B+ with a capacitive touch screen. A GUI was implemented
using PySide2, a GUI framework written for the Python programming language. The GUI
provides an interface to send control signals and receive diagnostics from the MCU. The
communication is handled by a serial interface using the I2C protocol. The Raspberry Pi acting
as the master and the MCU acting as the slave. The third-party library “pigpio” is used to
transmit and receive over I2C on the Raspberry Pi. Functions used by the GUI to communicate
with the MCU are shown in Figure 28.
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Figure 28: Python code for I2C communication

These functions provide the ability to transmit and receive, as well as preform a handshake with
the MCU. The GUI has a pre-defined list of commands that the MCU knows how to interpret.
An example being that if the MCU receives a binary 0x50 from the HMI it knows to begin
running the homing algorithm. Some commands, such as the stop button, need to be performed
quickly with a higher priority than a “get temperature” command. Thus, every command
processed by the GUI program is assigned a priority and enqueued to a priority queue. A
demonstration of this can be seen is Figure 28. This code details the method by which “get
temperature” commands for the different heating elements on the system and enqueued to the
priority queue at a set interval.
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Figure 29: Python code to enqueue get temperature commands

All commands have a priority and go through the queue first before being transmitted to the
MCU. The MCU has a simple routine running on a thread that handles transmissions coming
from the HMI. The C-code for the I2C handling task is shown in Figure 30.

Figure 30: C-code for Raspberry Pi communication task
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This demonstrates how commands are received and sorted on the MCU. The function is designed
to execute different portions of code depending on the command received.
5.2.4 Injection Mold DC Brushed Motor
The injection mold is driven by two DC brushed motors. One drives the injection dowel and the
other pushes the clamp. The motion of each of these motors is driven by a corresponding hbridge circuit. The h-bridge is the interface between the MCU and the motor, thus the C-code
provides methods for controlling the h-bridge. The C-code struct to define an h-bridge is shown
in Figure 31.

Figure 31: C-code for the NJCT_H_Bridge_t struct

Each h-bridge uses two PWM signals and two GPIO signals to control the direction and speed of
the motor. Unique initialization functions are written for each motor. The definitions of the
direction and stop functions are shown in Figure 32.
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Figure 32: C-code for h-bridge control functions.

The clamp and the dowel each have their own means of reporting their position to the MCU. The
clamp utilizes a limit switch. Upon initialization, the clamp will run through a homing routine
where it is pulled back to the limit switch and then pushed forward a predetermined distance.
The implementation of this homing is identical to the homing for the stepper motors. For the
dowel, it was necessary to track its exact position for it entire job. To accomplish this a magnetic
encoder was attached to the motor. The encoder can report the angular position of the motor to
the MCU by acting as a I2C slave. The main program creates a threaded task that reports the
position of the motor on a loop. The task is shown in Figure 33.
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Figure 34: C-code for the encoder task

5.2.5 Heating Element
The various heating elements in the system are controlled by a common interface. A single PWM
signal is provided to the element to begin heating. The duty cycle of the PWM can be varied
based on the current rating on the element and necessary rate of temperature change. The struct
defined for a heating element is shown in Figure 35.

Figure 35: C-code for the NJCT_Heating_Element_t struct

A unique init() function is necessary for each heating element. Elements are provided functions
to start, stop, and maintain a target temperature. The definition of the
maintain_element_at_temp() function is displayed in Figure 36.

Figure 36: C-code for maintain_element_at_temp() function.
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This function will heat an element to a target temperature. The NJCT_Temp_Sensor_Read()
function described in 5.2.2 is repeatedly called to continuously check the current temperature.
Once it is reached, the bits in an event group are set. Each element is being heated and
maintained in its own thread and event groups are necessary to communicate between the
threads. This particular event group tells the main program to preform some task once the
corresponding heating element reaches a certain temperature. For example, the main task waits
until the hot end’s heating element reaches 200C before the print task begins.
6. Mechanical Sketch

Figure 37: Mechanical Sketch of NJ3CT
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8. Parts List
Table 22: Bill of Materials for NJ3CT Electronic Circuit Board
Part Number
GRM21BR71C105KA01L

Ref Des
C1, C3, C6, C7, C8,
C9, C10, C11, C21,

Quantity
9

Description
CAP CER 1UF 16V X7R 0805

C2012X5R1C106M085AC
CGA4J3X7R1C155M125AB
C2012X7R2A104K125AA
CL21B104KBCNFNC

C2,
C4,
C5, C20,
C12, C13, C14, C15,
C16, C17, C18, C19,
C22, C23, C24, C25,
C26, C27, C28, C29,
C30, C31, C34, C35,
C36, C37, C38, C39,
C40, C43, C44, C45,
C46, C47, C48, C49,
C52, C53, C54, C55,
C56, C57, C58, C61,
C62, C63, C64, C65,
C66, C67, C70, C71,
C72, C73, C74, C75,
C76, C79, C80, C81,
C82, C83, C84, C85,

1
1
2
60

CAP CER 10UF 16V X5R 0805
CAP CER 1.5UF 16V X7R 0805
CAP CER 0.1UF 100V X7R 0805
CAP CER 0.1UF 50V X7R 0805

CGA4C2C0G1H103J060AA

C32, C33, C41, C42,
C50, C51, C59, C60,
C68, C69, C77, C78,

12

CAP CER 10000PF 50V C0G 0805

L152L-QBC-TR
BAV16W-7-F

D1, D2, D3, D4,
D5, D6, D7, D8, D9,
D10, D11,

4
7

1206 BLUE SMD LED
DIODE GEN PURP 100V 150MA SOD123

3557-2
22-05-3041
22-05-3021

F1, F2,
J1, J2,
J3, J4, J5, J6, J7, J8,
J9, J10, J11, J12, J13,
J14, J15, J16, J17, J18,
J19,
J20, J21, J22, J23, J24,
J25, J26, J27,

2
2
17

FUSE BLOCK BLADE 500V 30A PCB
CONN HEADER R/A 4POS 4.2MM
CONN HEADER R/A 2POS

8

CONN HEADER R/A 4POS 4.2MM

Q1, Q2, Q5, Q7, Q8,
Q11, Q12, Q13, Q14,
Q15, Q16, Q17, Q18,

13

TRANS NPN 65V 0.5A SOT23-3

26-01-3115
MMBTA05-7-F
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ZXMP7A17GQTA
ERJ-PB6B4701V

Q3, Q4, Q6, Q9, Q10,
R1, R2, R3, R4, R7,
R13, R14, R15, R19,
R20, R21, R43,

5
12

MOSFET P-CH 70V 2.6A SOT223
RES SMD 4.7K OHM 0.1% 1/4W 0805

RT0805DRD-710KL
ERA-6AEB4122V
RNCF0805DTE620R
AC0805JR-070RL

R5, R37, R38,
R6,
R8, R9, R10, R11,
R12, R41, R42, R141,
R142, R143, R144,
R145, R146, R147,
R148, R149, R150,
R16, R17, R18, R22,
R23, R24, R25, R27,
R31, R32, R40, R44,
R45, R48, R49, R54,
R57, R58, R63, R64,
R65, R66, R71, R72,
R73, R74, R75, R76,
R77, R78, R83, R84,
R85, R86, R94, R95,
R103, R104, R112,
R113, R121, R122,
R130, R131, R139,
R140,

3
1
4
13

RES SMD 10K OHM 0.5% 1/8W 0805
RES SMD 41.2K OHM 0.1% 1/8W 0805
RES 620 OHM 0.5% 1/8W 0805
RES SMD 0 OHM JUMPER 1/8W 0805

46

RES SMD 1K OHM 0.05% 1/8W 0805

AC0805FR-07300KL

R26, R28, R29, R30,
R33, R34, R35, R36,
R46, R47,

10

RES SMD 300K OHM 1% 1/8W 0805

ERA-6AEB3831V
RT0603BRC07500RL

R39,
R50, R51, R55, R59,
R60, R67, R68, R69,
R70, R79, R80, R81,
R82,

1
13

RES 3.83K OHM 0.1% 1/8W 0805
RES 500 OHM 0.1% 1/10W 0603

RNCF0805BKE2K10

R52, R53, R56, R61,
R62,

5

RES 2.1K OHM 0.1% 1/8W 0805

RC0805FR-071R6L

R87, R90, R96, R99,
R105, R108, R114,
R117, R123, R126,
R132, R135,

12

RES 1.6OHM 1% 1/8W 0805

ERJ-L06UF75MV

R88, R89, R97, R98,
R106, R107, R115,
R116, R124, R125,
R133, R134,

12

RES 0.075 OHM 1% 1/4W 0805

ERJ-6ARW102V
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ERJ-P06J101V

R91, R92, R93, R100,
R101, R102, R109,
R110, R111, R118,
R119, R120, R127,
R128, R129, R136,
R137, R138,

18

RES SMD 100 OHM 5% 1/2W 0805

LT1129IST-5#TRPBF
LT1521IST-3.3#TRPBF
TL431CDBVR
LMV321WG-7

U1,
U2,
U3, U12,
U4, U5, U6, U7, U8,
U9, U10, U11, U13,
U14,

1
1
2
10

IC REG LINEAR 5V 700MA SOT223-3
IC REG LINEAR 3.3V 300MA SOT223-3
IC VREF SHUNT ADJ 2.2% SOT23-5
IC OPAMP GP 1 CIRCUIT

SN74LVC1G04DBVT
SN74AHCT1G08DBV3
ZXMP4A16KTC

U15, U18, U23, U26,
U16, U17, U24, U25,
U19, U20, U21, U22,
U27, U28, U29, U30,

4
4
8

IC INVERTER 1CH 1-INP SOT23-5
IC GATE AND 1CH 2-INP SOT23-5
MOSFET P-CH 40V 6.6A TO252-3

TMC2660C-PA

U31, U32, U33, U34,
U35, U36,

6

IC MTR DRV BIPOLAR 3.3-5V 44PQFP

Table 23: Non-PCB Parts and Items Bill of Materials.

Part Number

Quantity

Description

Unit

Total Cost

Cost
SS0750302F035S1A

7

SWITCH SNAP ACTION

1.28

8.96

16.55

82.75

SPDT 3A 125V
GJ11M

5

PROBE TEMP 'J' 4'
INSULATED LEAD

QSH4218-41-10-035

6

Stepper Motor

40.71

224.26

4682

1

Adafruit SD Card Reader

2.95

2.95

Breakout
Raspberry Pi 4 Model B/4GB

1

4GB Raspberry Pi

55

55

7” 800x480 TFT DSI Capacitive

1

Touchscreen

54.9

54.9

1

STM32 Nucleo-144

23.98

23.98

Touchscreen
NUCLEO-F767ZI

development board
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VEVOR DC22

2

DC Brushed Motors, 1/2 hp,

139.99

279.98

24V
SWS600L-48

1

48V/13A Power Supply

285.27

285.27

NJ3CT-PrintedCircuitBoard

1

PCB Fabrication Costs

100

100

TOTAL COST:

9. Project Budget
Table 24: Layout of Budget and Responsibilities

Category

Cost

Responsible Party

Electromechanical

$300

Mechanical/ECE/I-Corps

$200

ECE/I-Corps

$100

I-Corps

$100

ECE/I-Corps

$800

ECE/I-Corps

-

DC Motors

- Stepper Motors
Controls
-

MCU

-

Stepper drivers, Peripherals

HMI
-

Touchscreen

-

Raspberry Pi

Sensors
-

Thermocouples

-

Magnetic Encoder

PCB
-

Components

-

Connectors

-

Fabrication
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Mechanical Structure
-

Frame

-

Base plate

-

Enclosure

-

Belts, wheels, rods, etc

Total

Everhart, Leap, Lorey, Paolucci
$800

Mechanical/I-Corps

$2000
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10. Project Schedules
Table 25: Project Gantt Chart
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11. Conclusion and Future of Project
The overall structure of the design is well understood and was validated through the prototyping
of major subsystems. Stepper and DC brushed motor control design is completed. Temperature
sensor configurations have been evaluated for both the printer and injection molder. A power
supply has been chosen and validated, and power regulation design is completed and
implemented. Software design and implementation for the HMI subsystem is completed and
implemented. MCU configuration for motor control is completed and implemented. The
software must be more maturely realized before subsystem integration can be completed.
For hardware team members, KiCAD has been the PCB design software of choice and
was utilized for the entirety of the project. This software allows for collaboration in a cloudbased repository via pulling and committing from GitLab. Hardware personnel participated in
reviews of the subsystem circuit schematics before layout commenced. For software team
members, the development environments for the HMI, motor control, and sensor control were
continued to be utilized to progress towards partial firmware revisions that will be used in
subsystem integration and final system level integration. Finally, close collaboration with the
mechanical team members was necessary in order to start mounting subsystems to the machine
frame as it developed.
The future of NJ3CT 3D revolves around a few factors. These include further system
integration within the software portion of the project, revisions to the PCB, and revisions to the
mechanical structure. For software, more progress needs to be made on the 3D printer portion
machine. The G-code interpreter needs to be further developed in order to clean up motion in all
axes of the printer. Also, the temperature control loops could further be improved to increase
temperature stability for the whole machine. There are a number of items on the PCB that need
attention. The 24V and 12V power regulation circuits to be redesigned. It was found the current
circuits are not able to keep up with switching FETs need for all PWM control. It was also found
that the circuitry responsible for supplying the heating elements could not handle 48V as was
originally thought. When 48V was applied, the NPNs and resistors in this circuit would become
damaged and the circuit would fail. The hypothesis is that certain resistance quantities need
changed in order to force the NPN into linear mode for 48V. Lastly, the mechanical structure of
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the machine requires some modification as well. The x axis gantry need redesigned. It was found
that this axis would lock up occasionally. The carriage holding the print head seemed to not glide
smoothly as the x direction motion was applied a distance away from the carriage. A proposed
solution is to add an additional lower belt and pullet that would help the carriage along.
Additionally, the pressure barrel of the injection molder needs some modifications in order to
improve functionality. First, a thermal stop ring needs to be added where the pressure barrel
interfaces with the clamp. In its current state, the whole injection molder acts a heat sink which
causes the heating of the pressure barrel to be cumbersome. Also, the heating collar should be
replaced with one that is more easily used with 48V. Ideally, it would have a lower resistance
than the current 50Ω in order to allow for higher power dissipation.
With these modifications made, NJ3CT 3D can achieve full functionality and then move
to the active test phase. During this phase, the machine will be utilized in small-scale, low
volume, part manufacturing to test the machine useability and longevity. This process will give
the necessary feedback from industry to further develop NJ3CT 3D into a device that can fully
realized in the manufacturing environment.
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13. Appendices
1. Piezoresistive Sensor article for research purposes from Maxim Integrated was used to better
understand what can and should be used to measure pressure.
2. NEC Article 310.16 provides which wire gauges should be used in response to expected
temperatures that cables can experience based on power that is designed to go through them.
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